Patients and methods: EGFR exon 18 and/or exon 20 mutations were collected from 10 117 non-small-cell lung cancer (NSCLC) samples analysed at 15 French National Cancer Institute (INCa)-platforms of the ERMETIC-IFCT network.
Results: Between 2008 and 2011, 1047 (10%) samples were EGFR-mutated, 102 (10%) with rare mutations: 41 (4%) in exon 18, 49 (5%) in exon 20, and 12 (1%) with other EGFR mutations. Exon 20 mutations were related to never-smoker status, when compared with exon 18 mutations (P < 0.001). Median overall survival (OS) of metastatic disease was 21 months [95% confidence interval (CI) [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , worse in smokers than in non-smoker patients with exon 20 mutations (12 versus 21 months; hazard ratio [HR] for death 0.27, 95% CI 0.08-0.87, P = 0.03). Under EGFR-tyrosine kinase inhibitors (TKIs), median OS was 14 months (95% CI 6-21); disease control rate was better for complex mutations (6 of 7, 86%) than for single mutations (16 of 40, 40%) (P = 0.03).
Conclusions: Rare EGFR-mutated NSCLCs are heterogeneous, with resistance of distal exon 20 insertions and better sensitivity of exon 18 or complex mutations to EGFR-TKIs, probably requiring individual assessment. Key words: epidermal growth factor receptor mutations, exon 18 mutations, exon 20 mutations, non-small-cell lung cancer, tyrosine-kinase inhibitors introduction In 2004, identification of somatic mutations in the epidermal growth factor receptor (EGFR) provided a clinically relevant driver oncogene of non-small-cell lung cancer (NSCLC) [1] [2] [3] . About 10%-15% of all NSCLC in Western Europeans and 30% in East Asians are EGFR mutated. The most common (85%-90%) EGFR mutations are in-frame deletions around the LeuArgGluAla motifs (LREA residues 746-750) of exon 19 (45%-50%) and the Leu858Arg (L858R) substitution in exon 21 (40%-45%) [4] . They result in the preferential binding of EGFR tyrosine kinase inhibitors (TKIs), i.e., gefitinib, erlotinib, or afatinib, leading to >60% overall response rates (ORR), median progression-free survival (PFS) >9 months, and overall survival (OS) of >20 months, better than with chemotherapy [5] [6] [7] [8] [9] [10] . Epidemiological data, correlations with clinical characteristics, EGFR-TKI response, and prognostic value remain unclear in NSCLC cases with uncommon EGFR mutations [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Therefore, the ERMETIC-IFCT network decided to report its results of EGFR exon 18 and 20 mutations based on 10 117 analyses carried out between 2008 and 2011 [20] .
methods centres and molecular analysis
Centres and technics are detailed in supplementary data, available at Annals of Oncology online [21, 22] (supplementary Table S1 , available at Annals of Oncology online). Rare EGFR mutations were defined as mutations at exon 18 and/or 20; complex mutations were defined as mutations at more than one exon: double mutation at exon 18 and 20 or one mutation at exon 18 or 20 with one mutation in another exon (19 or 21) and were compared with COSMIC (Catalog of Somatic Mutations in Cancer) [23] , somaticmutations-EGFR.org [4] and PubMed.
clinical data
French National Cancer Institute [24] required that clinical data be collected for testing, such as demographic information, clinical staging [25] , and lung cancer histology (WHO classification) [26] . Never smokers were defined as <100 cigarettes in life time. French National Cancer Institute (ClinicalTrials. gov, number NCT01700582) established requirements for clinical information on patient follow-up under treatment, including response to treatment (RECIST criteria) [27] and survival.
statistical analysis
Categorical variables were compared using chi-square tests, or Fisher's exact tests when necessary. Significance was determined at P < 0.05. OS was calculated from the date of lung cancer diagnosis to death from any cause or was censored at the last follow-up date. The median follow-up was 26 months (1-110 months). Progression-free survival (PFS) was defined as the time from the date of EGFR-TKI treatment initiation to the date of disease progression or death and was censored at the date of last tumour assessment (when carried out). Survival curves were estimated using Kaplan-Meier method for OS. A Cox model was applied to estimate hazard ratios (HRs) and 95% confidence interval (CI). Analyses were undertaken using SAS version 9.1.3 (SAS Institute, Cary, NC).
results

EGFR mutation frequency
On 10 117 NSCLC samples, n = 9070 (90%) were EGFR wildtype and n = 1047 (10%) were EGFR-mutated. EGFR exon 18 and 20 mutations were observed in 102 (10%) EGFR-mutated samples, 1% of the 10 117 NSCLC samples analysed, without relationship between the frequencies of the whole and rare EGFR mutations detected by each platform (supplementary Figure S1 , available at Annals of Oncology online). Rare EGFR mutations included in exon 18 n = 41 (4% of all EGFR-mutated cases), exon 20 n = 49 (5%), and complex mutations n = 12 (1%) (supplementary Figure S2 , available at Annals of Oncology online). Histological characteristics are provided in the supplementary data, available at Annals of Oncology online.
molecular epidemiology of rare EGFR mutations
Rare EGFR mutations are described in Figure 1 and supplementary data (supplementary Tables S2 and S3, available clinical data of patients with rare EGFR mutations All patients were Caucasian, none had received EGFR-TKI before DNA sequencing (Table 1 and supplementary Table S3 , available at Annals of Oncology online). Surprisingly, the majority of patients (n = 46, 62%) were smokers, with former/current smokers (n = 27/19), in contrast to never smokers (n = 26). In univariate analysis, early stage was a good prognostic marker Mostly men (n = 14, 50%) showed single exon 18 mutations and mostly women (n = 23, 61%) showed single exon 20 mutations. Never smokers were significantly fewer among patients with exon 18 mutations than with exon 20 mutations (P < 0.001). Survival could be different depending on smoking habits with median OS in metastatic patients with exon 20 mutations worse in smokers than in non-smokers (12 versus 21 months, HR for death 0.27, 95% CI 0.08-0.87; P = 0.03).
EGFR-TKI response in patients with rare EGFR mutations
Fifty patients had been known to be treated with EGFR-TKI (erlotinib n = 40, gefitinib n = 9, gefinitib following by erlotinib n = 1) ( Table 1 ). The best response was assessable in patients (n = 47), with partial responses (n = 7, 15%), stable disease (n = 15, 32%), and progressive disease (n = 25, 53%), with a disease control rate (DCR) at 47%. Primary resistance to EGFR-TKI is suggested in patients with PFS under 3 months (n = 22, 48%).
ORR and DCR under EGFR-TKI appeared not different between exon 18 (n = 1, 7% and n = 5, 34%) and exon 20 (n = 2, 8% and n = 11, 44%), but higher for complex mutations (n = 4, 57% and n = 6, 86%) compared with single exon 18 or exon 20 mutations (P = 0.004 and P = 0.03, respectively). Median OS from EGFR-TKI was better for patients with exon 18 (22 months, 95% CI 1-44) than for patients with exon 20 mutations 
discussion
This report refers to the first multicentre exhaustive study on rare EGFR mutations that was conducted on a national basis [15] . This kind of collaborative effort involving numerous cancer centres provides a more accurate estimate of the frequency of rare and uncommon EGFR mutations, thereby avoiding the biases inherent in the compilation of cases involving just one mutation type. In addition, we analysed complex EGFR mutations, such as compound mutations or co-mutations. Furthermore, we assessed the response rates to EGFR-TKI in order to avoid overestimating the clinical effects of EGFR inhibitors in a particular genotype.
EGFR mutations were observed in 10% of NSCLC samples, in line with the mutation percentage habitually found in Caucasian populations [28] , as in France in 2011 (INCa: http://www. e-cancer.fr). Of these EGFR mutations, 102 were classified as rare and represented 1% of all NSCLC tested samples or 10% of the EGFR-mutated cases. For these rare mutations, most clinicians are reluctant to prescribe EGFR-TKIs [29] . Furthermore, we described 22 EGFR mutations that had not been reported before. Of these, 10 were harboured by tumour patients undergoing EGFR-TKI therapy, with seven patients presenting progressive disease, one stable disease, and the remaining two showing partial response. The rare EGFR mutations that were the most frequently seen were exon 20 insertions (4%), in line with previous publications reporting their presence in 1%-17% of all EGFR mutations, depending on the selected populations [12-17, 30, 31] . These observations should encourage centres to search for these EGFR exon 20 insertions, as they are easy to detect using fragment length analysis. Although EGFR exon 20 insertions are more frequent than EGFR exon 19 insertions, they are found with the same predominance of never smokers NSCLC as other insertions, such as HER2 [19, 32] . In our study, OS was shown to be significantly poorer in current/former smokers with advanced disease exhibiting EGFR exon 20 mutations compared with *P = 0.003; when stratifying tobacco status between never smokers and former/current smokers, P < 0.001. **P = 0.004 for objective response; ***P = 0.03 for disease control. EGFR: epidermal growth factor receptor; CI, confidence interval; MD, missing data; TKIs, tyrosine-kinase inhibitors; PR, partial response; SD, stabilised disease; PD progression disease. never smokers. These data suggest that NSCLC carcinogenesis differs between smokers and non-smokers, with potential impact on therapeutic strategies [33] [34] [35] [36] . As opposed to EGFR exon 19 insertions, EGFR exon 20 mutations have been associated with de novo resistance to EGFR-TKI. However, in line with our study findings, a few cases showing improved clinical response to EGFR-TKI have been reported [12-14, 17, 30, 31] . Molecular description showed that EGFR exon 20 insertions varied in length (from 3 to 12 bp) and position within the exon, in contrast to EGFR exon 19 or HER2 exon 20 insertions [14, 30, 31, 37] . As previously reported, we observed a heterogeneity of insertions, with 18 different variants and only 6 occurring more than once [14, 30, 31] . The most frequent mutation in our study was A767V769dupASV (12% of exon 20 insertions) rather than V769D770insASV, as previously reported [30, 31] . Yet, as is often the case, the preferential location of our exon 20 insertions followed the C-helix (A767 to C775) as distal insertions, which play a critical role in catalytic activity, as well as drug affinity resulting in resistance to EGFR-TKIs [14, 31, 37] . Among our 27 patients with EGFR distal exon 20 insertions, 19 were treated with EGFR-TKI; of these, 12 presented with progressive disease, 6 with stable disease, and only 1 exhibited partial response: ORR (n = 1; 5%) and DCR (n = 7; 36%). These data confirm patient resistance to EGFR-TKIs in this mutation type. More proximal insertions that affect E762 to Y764 could be associated with disease control under EGFR-TKI [14, 17, 30] , which is backed up by our study findings showing one patient with partial response and one exhibiting stable disease in the two presenting with proximal exon 20 insertion. These results suggest that the specific sequence of the insertion variant should be detailed for having more information about EGFR-TKI sensitivity. Lastly, rare EGFR exon 20 point mutations were associated with EGFRTKIs resistance, with the exception of one of our cases involving R776H as previously published [4] . In our study, former/current smokers more frequently exhibited EGFR exon 18 mutations, as known to other TP53 or KRAS point mutations [33] . Of all the rare mutations found, EGFR exon 18 G719X mutations were the second most frequently reported in our study, in line with previous reports, with slightly less sensitivity than the common EGFR mutations [13, 17] . In our study, 4 of 11 (36%) patients with G719S or G719A mutations undergoing EGFR-TKI therapy presented disease control. E709X mutations were shown to be less sensitive than G719X mutants in vitro experiments [38] . Nevertheless, one of our patients with a G709A + G719S mutation showed prolonged disease control, and a partial response to neratinib has recently been reported in case of such mutation (supplementary reference S9, available at Annals of Oncology online).
The EGFR rare mutations exhibiting the highest sensitivity appeared to be complex mutations, which represented 12% of mutation cases in our study. This can be compared with published literature indicating a frequency of compound mutations ranging from 4% to 14%, according to chosen detection method of EGFR mutations or the definition of these types of complex mutations (13, supplementary reference S15, available at Annals of Oncology online, 18). G719X complex mutations are the most frequently reported, in line with our study findings (58% of our complex mutations), followed by L858R complex mutations, as in our study (51% of our complex mutations), S768I (25% of our complex mutations), with EGFR exon 19 deletion detected much less frequently (only one case found in our cohort) [13, 18] . Overall, EGFR-TKI efficacy in patients with complex mutations was similar to or slightly poorer than that in patients with single common EGFR mutations, as seen for G719S + L861Q and G719S + S768I in our cohort [39] . It should be noted that, in cases with the S768I mutation alone, sensitivity appears to be maintained [17] . The complex mutation G719A + S768I that we identified in one patient exhibiting partial response to erlotinib has previously been reported by others, notably in two cases showing partial response [18] and in two other cases showing no response at all (12, supplementary reference S27, available at Annals of Oncology online). The complex mutations involving L858R appeared to affect the response to EGFR-TKIs in differing ways according to the other associated mutations [18] . In our cohort, one patient with L858R + S768I presented disease control, whereas another patient with L858R + S768D770dupSVD presented progressive disease. Unexpectedly, we observed disease control in one patient with L858R + T790M.
These types of mutations are heterogeneous and require novel targeted therapeutic approaches, which are possible if the mutations are searched for, and if the variant is documented. For rare EGFR mutations, two different approaches could be advised: one possibility would be to compile databases with a maximum of data concerning these types of cases (16; Biomarker France Study), and another involving in vitro experiments or computer biology approaches for testing EGFR-TKIs [31] .
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